To compare the effects of curcumin and nanocurcumin oral supplementation on the muscle healing rate of an animal model of surgical muscle laceration. Methods: Thirty-two male adult rats were randomly divided into sham, control, curcumin, and nanocurcumin groups. Partial transection of the gastrocnemius muscle was made in the right limb of the control and treatment groups. The sham and control groups received normal saline, curcumin group received 500 mg/kg of curcumin and nanocurcumin group received 100 mg curcumin-loaded nanomicelles orally every day. They euthanized two weeks later and the specimens were stained by hematoxylin-eosin (H&E) and Masson's trichrome methods. Aspartate transaminase (AST) and creatine phosphokinase (CPK) were measured in blood samples. Results: The percentage of collagen fibers in the nanocurcumin group was significantly lesser than the control and curcumin groups (p<0.001). Muscle fiber regeneration in the treatment groups was significantly higher than the control group (p<0.001). The blood vessels of the nanocurcumin group were significantly more than other groups (p<0.001). Plasma AST had a significant difference in the control group compared to the sham and nanocurcumin groups (p=0.026). The plasma CPK level of the control group was also significantly higher than other groups (p<0.001). Conclusion: In conclusion, although oral curcumin supplementation has little effects because of its poor bioavailability, embedding it in nanoparticles could enhance its systemic effects in promoting the muscle healing process.
Introduction

S
keletal muscle injuries commonly occur during sport practices and often are a treatment challenge [1] . These injuries are also among the most common injuries experienced during military combat [2] . About 10 to 55% of all sustained injuries during sports are muscle injuries. In shearing type injuries, including laceration, the muscle fibers, basal lamina, mysial sheaths, and the nearby capillaries rupture [3] . Lacerated muscle often undergoes degeneration and regeneration process. After necrosis of the muscle fibers and their elimination by macrophages, new fibers are formed within a scaffold of connective tissue. However, the healing process is very slow and the regenerated muscle fibers do not gain their complete functional ability [4] . The impaired healing of traumatic muscle injuries is likely due to a disruption in blood supply and subsequent ischemia and development of fibrosis [5] . Fibrosis which appears during the second week after muscle laceration delays complete recovery [4] . Mature muscle stem cells, inflammatory or perivascular cells, myostatin, and fibroblasts activate myofibroblasts and cause fibrosis [6] . It is reported that over synthesis of transforming growth factor-β (TGF-β) in response to muscle injury is the main cause of fibrosis formation [7] .
Current therapies include anti-inflammatory strategies and physical therapy. However, blocking components of the inflammatory response can lead to impaired muscle healing and reduced muscle growth [5] . Although nonsteroidal anti-inflammatory drugs (NSAIDs) reduce inflammation by suppressing prostaglandin production, cyclooxygenase-2 activity is necessary for natural growth of the muscle fibers [8] . So, their short-term use in the acute phase of healing may have some benefits, but they have negative long-term effects [9] . Physical rehabilitation has resulted in little functional improvements and increases in muscle mass associated with the upregulation of markers of fibrosis, but no hypertrophy or hyperplasia of muscle fibers after eight weeks [10] . Treating with growth factors cannot prevent muscle fibrosis development [4] . Use of muscle-derived stem cells, adipose-derived stem cells, human muscle myogenic factor, brainderived neurotrophic factor, and β-agonists are also practiced to encourage muscle fiber regeneration. Others focused on the application of fibrinolytic agents such as suramin, relaxin, decorin, and gamma interferon which are TGF-β antagonists. However, no reliable formulation exists for the administration of these therapies, alongside their potential adverse effects. For instance, relaxin reduces myofibroblasts proliferation [1, 7] .
Fibrinolytic properties of curcumin by expression of urokinase plasminogen activator (uPA) has already been reported [11] . Curcumin has blocked several places in the signaling cascade of TGF-β in renal cells in previous studies [12, 13] . It also had been effective in the treatment of mouth submucosal fibrosis because of its fibrinolytic and anti-inflammatory properties [14] . Another study concluded that curcumin can reduce oxidative stress and inflammatory response in gastrocnemius muscle overuse injury of mice through suppression of hydrogen peroxide and NADPH-oxidase expression in muscles [15] . In addition, the protective effects of curcumin against muscle ischemia-reperfusion injury through free radical's elimination has been reported [16] . It has been shown that muscle fibers regeneration accelerates by intraperitoneal injection of curcumin [17] .
Considering fibrinolytic, anti-inflammatory, and free radicals scavenging properties of the curcumin, we assumed in this study that its oral supplementation may reduce scar tissue formation and promote muscle fiber regeneration during the healing process of lacerated muscle. Since the majority of oral curcumin eliminates by feces, several methods are used to increase its bioavailability such as piperine adjoin, liposomal curcumin formulating, curcumin nanoparticles, and curcumin phospholipid complexes [18] . In this regard, curcumin-loaded nanomicelles were also used in this study to compare its effects with curcumin.
Materials and Methods
Animals
Thirty-two male adult (8 weeks old) SpragueDawley rats weighing 200-250 g were used in this study. They were kept in separate cages a week before surgery for acclimatizing. Environmental conditions were set in 22º C and 12 h light/darkness cycles. The rats had free access to semisynthetic pellets 24 h, and tap water 12 h before surgery. All procedures were in accordance with WMA statement on animal use in biomedical research (adopted by the 41st World Medical Assembly, Hong Kong, September 1989) and ethical standards recommended by the Helsinki Declaration and any unnecessary stimulating of the animals were avoided.
Surgery and Treatments
A single dose of gentamicin 5% (80 mg/kg, Nasr Pharmaceutical Co., Iran) was injected intraperitoneally to all animals one day before surgery. They were randomly divided into four equal groups, including sham, control, curcumin, and nanocurcumin. The rats were anesthetized by intraperitoneal injection of ketamine 10% (100 mg/ kg, Alfasan, Woerden, the Netherlands) and xylazine 2% (20 mg/kg, Alfasan, Woerden, the Netherlands) combination. The hairs of right hind limb in the crus region were shaved and the area was prepared aseptically. Muscle laceration was made by routine procedure [19] . Briefly, the skin of the laterocaudal aspect of the crus was incised longitudinally and retracted. Subcutaneous dissection was continued until exposure of the gastrocnemius muscle. The surgery was ended at this time in the sham group and the skin and subcutaneous tissues were closed. In the next three groups, proper location for laceration was determined and a partial transection of the muscle was made by a scalpel blade about 2.5 cm proximal to the calcaneus, while the tarsus was flexed in 90º angle and the stifle was extended (Figure 1 ). The laceration had about 1 cm width (75% of muscle width) and 0.3 cm depth (50% of muscle thickness) and was made lateral to the vessel-nervous bundle (popliteal artery and tibialis nerve). The subcutaneous tissue was closed using 4-0 polyglycolic acid suture material (Dexon II, USS DG) and the skin was closed by 4-0 polyamide suture material (Monofil Polyamide, SUPA, Iran) in a simple continuous pattern. One dose of intramuscular ketoprofen 10% (3 mg/kg, Nasr Pharmaceutical Co., Iran) was injected postsurgery to control pain.
The rats of sham and control groups received daily oral gavage of normal saline, after surgery. Curcumin group received daily oral gavage of 500 mg/kg curcumin (Merck, Darmstadt, Germany) [20, 21] and nanocurcumin group received daily oral gavage of 100 mg/kg commercially available curcumin-loaded nanomicelles (SinaCurcumin, Exir Nano Sina, Tehran, Iran). The nanomicelles were mixed with normal saline to obtain 15 mg/ ml concentration [15] . The transmission electron microscope (TEM) images of nanoparticles were obtained (LEO 200, Germany) operating at 80 KV accelerating voltage. The nanoparticles were also characterized with Fourier-transform infrared (FTIR) spectroscopy in the wave number range of 400-4000 cm -1 and wave number accuracy of 1.0 cm -1 (Tensor 27, Brucker, Germany).
Biopsy and Histopathologic Evaluation
Two-week period was considered for oral supplementation and muscle healing [4] . After that, the rats were anesthetized by intraperitoneal injection of ketamine 10% and xylazine 2% combination and biopsy was taken from right gastrocnemius muscle. They euthanized by intracardiac overdose injection of sodium thiopental (VUAB Pharma Inc., Czech Republic) after the biopsy. The specimens were fixed in 10% buffered formalin solution and 5 µm thick sections were made by a microtome. The slides were stained with hematoxylin-eosin (H&E) and Masson's trichrome methods. Muscle regeneration within the injured site was evaluated in H&E stained slides. The total number of regenerating myofibers was measured in 5 random fields of each slide [7, 22] . Extramuscular connective tissue was avoided. In addition, blood vessels percentage within the healed area was calculated. Collagen accumulation which indicates fibrosis was evaluated in Masson's trichrome stained sections and was presented as the percentage of the blue area in the field. Muscle fibers are red, nuclei are black, and collagen is blue in this staining [10] .
Biochemical Evaluations
Just before euthanizing, 1 ml of blood was taken from the left cardiac ventricle of each animal and transferred into heparinized microtubes. The samples were centrifuged and the blood plasma was extracted. Aspartate transaminase (AST) and creatine phosphokinase (CPK) were measured using GOT/ AST and CK-NAC liquid test enzymatic assay kits (Pars Azmun, Karaj, Iran) and a spectrophotometer as per manufacturer's instructions.
Statistical Analysis
The histopathologic results are presented as mean and the biochemical results as mean ± standard deviation (SD). SPSS software (BM SPSS Statistics for Windows, Version 22, Armonk, NY: IBM Corp.) was used and one-way analysis of variance (ANOVA) was chosen for statistical analysis followed by Tukey's post hoc test. Statistical significance was defined as two-sided p-value of less than 0.05.
Results
Nanoparticles Characterization
TEM image of the curcumin-loaded nanomicelles confirmed their nanoscale and revealed that particle size was less than 50 nm (Figure 2) . The FTIR spectrum of nanomicelles showed various absorption bands indicating presence of curcumin (Figure 3) . 
Histopathologic Findings
Fibroblasts and fibrocytes were abundant in the healed area of the control group and some blood vessels were seen. Connective tissue containing collagen fibers was formed in an irregular pattern. The same was seen in the curcumin group, except that collagen fibers were more regular. Fibroblasts and fibrocytes in the nanocurcumin group were less than two previous groups and the muscle fibers had better healing. Ground substance of the connective tissue was less than the control and curcumin groups. The collagen fibers were more regular, comparable to the normal muscle of the sham group (Figures 4 and 5) . The percentage of collagen fibers in the nanocurcumin group was significantly lesser than the control and curcumin groups and was closer to the sham group (p<0.001). In addition, muscle fiber regeneration in the treatment groups was significantly higher than the control group, which those of nanocurcumin group was better (p=0.000). Finally, the blood vessels of the nanocurcumin group were significantly (p=0.000) more than three other groups ( Figure 6 ).
Biochemical Findings
The results of plasma AST and CPK levels are presented in Figures 7 and 8 . Plasma AST had a significant difference in the control group compared to the sham and nanocurcumin groups (p=0.026). The nanocurcumin group had not any significant difference with the sham and curcumin groups. The plasma CPK level of the control group was also significantly higher than other groups (p<0.001). Similarly, the nanocurcumin group had not any significant difference with the sham and curcumin groups.
Discussion
The current study compared the effects of orally administered curcumin and curcumin nanoparticles in the healing of lacerated muscle. The results of the present study demonstrated that this substance is effective in muscle fiber regeneration and fibrosis reduction, which are important for regaining normal muscle function, and its effects are augmented when used in nano form, because of enhanced oral bioavailability. Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a phenolic compound derived from spice herb Curcuma longa L. [21] . Preclinical safety studies by the US National Cancer Institute did not find any adverse effects at doses of 3.5 g/kg in rats receiving curcumin for 3 months [23] . Oral bioavailability of curcumin is about 1% [21] . The majority of the oral curcumin is excreted in the feces and about one-third of its total dose can be detectable unchanged. Efficient first-pass and some degree of intestinal metabolism of curcumin, mainly glucuronidation and sulfation, may be the cause of its poor systemic availability when orally administered [24] . Various methods have been used to increase curcumin solubility and oral bioavailability. Conjugation with phospholipids, proteins, or polysaccharides improve its solubility [25, 26] . Adjuvant molecules such as piperine, quercetin, or silibinin enhance the oral absorption of curcumin by inhibiting metabolic conjugation [27] . However, curcumin could be rapidly degraded in the majority of these cases [28] . Cheng et al., [29] reported a low dose of curcumin encapsulated in polyethylene glycol-polylactic acid nanoparticles increases the mean concentration of curcumin in plasma during 10 minutes. However, it then quickly diminished after 40 min. Szymusiak et al., [28] investigated the bioavailability of curcumin in blood plasma and CNS after oral intake of nanocurcumin and curcumin in mice. Their results showed that oral nanocurcumin at the dose of 1/20 of the unformulated curcumin can provide similar concentrations in CNS tissues. Bioavailability of curcumin nanoparticles was 5% in another study [30] . So, the dose of 100 mg/kg was chosen in our research. Commercially available curcumin nanomicelles used in this study has approximately 100% of curcumin encapsulation in the nanomicelle, and the sizes are less than 50 nm [31] . These nanomicelles are prepared from generally recognized as safe (GRAS) pharmaceutical excipients and C3-complex form of curcumin and have a significantly higher bioavailability after oral use, because of its water-solubility [32] . FTIR analysis confirmed the curcumin incorporation in nanoparticles. The functional groups of the curcumin including hydroxyl, carbonyl, and ethylene groups show peaks at 3509, 1600-1650, and 1510 cm -1 , respectively [33] . We observed the peaks corresponding to these functional groups for the curcumin-loaded nanomicelles at 3447, 1629, and 1515 cm -1 respectively, indicating that the major peaks of curcumin were retained in the product. The peaks at 725, 817, and 967 cm -1 in the curcumin spectrum indicate the bending vibrations of -CH bond of alkene group [33] . These peaks were observed in the curcumin nanomicelles at 723, 850, and 948 cm -1 . AST is a marker of both hepatic, cardiac, and skeletal muscle damage. It is one of the most important enzymes of the aminotransferase group, which catalyzes the alpha-keto acid into amino acids by transferring amine units. Similarly, plasma CPK is a serological marker of skeletal muscle injury arising from myofibrillar disruption [34, 35] . Oral curcumin supplementation has reduced plasma CPK concentrations during recovery from exerciseinduced muscle damage [36] . Our findings revealed that AST and CPK levels were significantly increased in the control group indicating severe muscle damage. The results showed these biomarkers in the treatment groups compared to the control are decreased, which could tell us that oral curcumin supplementation has alleviated the muscle damage and that nanocurcumin supplementation exerts this effect better than curcumin. Curcumin possesses numerous pharmacological activities such as anti-inflammatory, anti-cancer, anti-oxidant, wound healing and anti-microbial effects [13] . Interestingly, anti-fibrosis effect of curcumin has been studied in various organs. Curcumin reduces adipose fibrosis by preventing low oxygen tension and suppressing the mammalian target of rapamycin (mTOR) activation [37] . It also inhibited hepatic fibrosis by demethylation of key genes [38] . It is reported that curcumin attenuates the inflammation and fibrotic changes in the idiopathic pulmonary fibrosis models by inhibiting the nuclear factor-κB (NF-κB)-mediated inflammation and TGF-β1-mediated fibrotic lung remodeling [39] . We find that nanocurcumin can decrease fibroblast proliferation and collagen formation. This is not unexpected because curcumin can induce fibroblast apoptosis. Madhyastha et al., [11] reported that curcumin enhances fibrinolysis during wound healing by upregulating the serine protease uPA via the activation of the c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase (MAPK) signal pathways. uPA is amongst the earliest mediators of the fibrinolysis cascade and has a critical role in fibrin dissolution. Our results also demonstrated an increase in neovascularization by nanocurcumin. It is reported that curcumin enhances wound healing by increasing granulation tissue formation, neovascularization, and faster reepithelialization [40] . Mechanisms for the anti-inflammatory effects of curcumin include inhibition of NF-κB activity, activation of the heat-shock response, inhibition of p38 kinase activity and oxygen free radical formation, and prevention of cytokine production and release [41] . Oral administration of curcumin has attenuated skeletal muscle mitochondrial impairment in chronic obstructive pulmonary disease rats [42] . In the repair phase of the muscle healing, the regenerating myofibers replace the necrotized area of the ruptured myofiber inside the remaining basal lamina within 5-6 days. Afterward, the newly formed muscle fibers begin to penetrate into the scar tissue [3] . Our findings showed that the myofiber regeneration in the curcumin and nanocurcumin groups is significantly improved compared to the control group. Myogenesis is a highly regulated process that involves differentiation of multipotential mesodermal cells to myoblasts and muscle fibers. NF-κB is a very important signaling system which its activation leads to skeletal muscle loss [43] . Pan et al., [34] showed that curcumin relieves muscular dystrophy and improves muscle contraction function in mdx mice. They found abnormally high levels of tumor necrosis factor alpha (TNF-α), interleukin 1 beta (IL-1β), and Inducible nitric oxide synthase (iNOS) in mdx mice -which inhibit myogenesis-and these were reduced by administration of curcumin. Curcumin is a pharmacological inhibitor of the NF-kB and greatly enhances the murine muscle regeneration. It has been found that muscle-specific inhibition of NF-κB improves skeletal muscle regeneration [17] .
In conclusion, although oral curcumin supplementation has little effects because of its poor bioavailability, embedding it with nanoparticles could enhance its systemic effects in promoting the muscle healing process.
